The source of persistent infections can be biofilms that occur naturally on food surfaces and 20 medical biomaterials. Biofilm formation on these materials are likely to be affected by 21 environmental temperature fluctuations and information on noticeable temperature shifts on 22 the fate of pre-formed biofilm is sparse. Changes to pre-formed Vibrio parahaemolyticus 23 biofilm under cold shock (4 °C and 10 °C) was explored in this study. We show that V. 24 parahaemolyticus biofilm biomass increased significantly during this cold shock period and 25 there was a gradual increase of polysaccharides and proteins content in the extracellular 26 polymeric matrix (EPS). In addition, we demonstrate that the expression of flagella and 27 virulence-related genes were differentially regulated. The architecture of the biofilm, 28 quantified using mean thickness (MT), average diffusion distance (ADD), porosity (P), 29 biofilm roughness (BR) and homogeneity (H) also changed during the cold shock and these 30 parameters were correlated (P < 0.01). However, the correlation between biofilm architecture 31 and biofilm-related genes expression was relatively weak (P < 0.05). Cold shock at 4 °C and 32 10 °C is not sufficient to reduce V. parahaemolyticus biofilm formation and strategies to 33 reduce risk of foodborne infections should take this information into account. 34 35
A biofilm is a multicellular complex, formed from microorganisms that are attached to a 40 surface and generally embedded in extracellular polymeric substances (EPS) [1, 2] . 41 Polysaccharides and proteins are the most prevalent components of EPS in biofilms as the 42 production of mature biofilms requires polysaccharides to hold the cells together which 43 maintain the structural integrity of the biofilm [3, 4] . Biofilm is a means of persistence for 44 bacteria and plays a crucial role in the bacterial life cycle [5] . Almost 65 % of all reported 45 bacterial infections are caused by bacterial biofilms according to the Center for Disease 46 Control and Prevention in the United States [6] . Bacterial cells embedded in biofilms are also 47 more resistant towards disinfectants and antibiotics when compared to their free living or 48 planktonic forms [7, 8] . However, bacterial biofilm formation can be directly affected by 49 environmental temperature [9, 10] especially rapid decrease in temperature (cold shock). 50 Vibrio parahaemolyticus is a halophilic, gram-negative, curved rod-shaped bacterium 51 [11] which is widely distributed in aquatic reservoirs. V. parahaemolyticus is frequently 52 isolated from a variety of seafoods, particularly shellfish [12, 13] , and can persist on food or 53 food-contact surface by forming biofilms [14] . These pathogenic bacteria are also leading 54 causes of seafood-derived illness in many Asian countries, including China, Japan, and Korea 55 [15] [16] [17] and disease outbreaks are highly correlated with temperature fluctuation [18, 19] . 56 Growth of planktonic V. parahaemolyticus is minimal or decreasing at temperatures 57 below 10 °C [20, 21] . However, Costerton et al. [22] reported that bacteria in biofilms are 58 more adaptable to low temperatures than their free counterparts. Han et al. [23] found that V. 4 59 parahaemolyticus at 4 °C and 10 °C formed monolayer biofilms and these biofilms were 60 significantly different to biofilms formed at higher temperatures (15 °C -37 °C). These low 61 temperatures are typically applicable for transport, retail and processing of commercial 62 seafoods [21, 24] and information on noticeable temperature shifts on the fate of pre-formed V. 63 parahaemolyticus biofilm is sparse. 64 Bacterial quorum sensing (QS) and the production of flagella, type III secretion systems 65 (T3SS) and haemolysins (TDH and TRH) are closely coupled to biofilm formation of V. 66 parahaemolyticus. Quorum sensing (QS) is a bacterial cell-cell communication process 67 mediated by signaling molecules called autoinducers (AIs) [25] and essential for bacterial 68 biofilm formation [26, 27] . The autoinducers regulate the production of transcription factors 69 (AphA and OpaR). AphA is an activator of virulence and biofilm formation in V. surface. In addition, the expression of genes involved in encoding the type III secretion 74 systems (T3SS1 and T3SS2), the thermostable direct haemolysin (TDH) and the TDH-related 75 haemolysin (TRH) correlates with increased biofilm production [29, 30] . 76 To date, little information is available on pre-formed bacterial biofilm changes at 77 low-temperature shifts, although it is crucial for improving food safety and controlling 78 bacterial infections outbreaks. V. parahaemolyticus is a widely distributed foodborne 79 pathogen, temperature plays a great role in its survival. Researchers generally assume that 80 cold environment can restrain biofilm formation and bacterial activity. This study explored 5 81 the effects of V. parahaemolyticus biofilm upon a shift from 37 °C to 4 °C or 10 °C from two 82 aspects. On the one hand, the changes of biofilm biomass and EPS contents, the expression of 83 biofilm related genes directly described that pre-formed bacterial biofilm could not be 84 controlled efficiently in cold environment. On the other hand, the CLSM images revealed 85 biofilm morphological structure change, the correlation analysis showed inner relationship 86 among biofilm structure parameters and biofilm related genes. According to previous 87 investigations on cold tolerance of V. parahaemolyticus, one hypothesis was proposed that 88 cold chain is essential to maintain food quality [31] , but cold-chain transportation and 89 low-temperature preservation are not such effective to control the bacteria in seafood when it 90 has been exposed to the high temperature (15 -37°C). For a certain time, allowing the 91 establishment of a permanent bacterial community organized in biofilms. It is a potential risk 92 for food safety. This study also provided useful information for ensuring seafood safety after 93 refrigeration for food industry in the future. Biofilm formation assay 107 Static biofilms were grown in 24-well polystyrene microtiter plates (Sangon Biotech Co., Ltd., 108 Shanghai, P.R.China) and biofilm production was measured using crystal violet staining with 109 some modification [32] . In brief, the growth of biofilms was initiated by inoculating 10 μL of 110 the cell suspension which were cultured in 2.1 into 990 μL of fresh TSB medium (3 % NaCl) 111 in the individual wells. All samples were statically (without shaking) incubated at 37 °C for 112 24 h to obtain the pre-formed biofilm, then the pre-formed biofilm was shifted to low 113 temperature (4 °C, 10 °C) or kept at 37 °C for 12 h, 24 h, 36 h, 48 h and 60 h without shaking, 114 respectively. To prevent the medium evaporation, all plates were sealed with plastic bag. At 115 each of these time points, the biofilms were quantified by crystal violet staining. Specifically, 116 the suspension was discarded and the wells were gently washed three times with 1 mL of 0.1 117 M phosphate buffer (PBS) to remove non-adhered cells, and subsequently the biofilm was 118 stained with 1 mL of 0.1% (w/v) crystal violet (Sangon Biotech Co., Ltd., Shanghai, 119 P.R.China) for 30 min, then washed three times with 1 mL of 0.1 M PBS to remove unbound 120 crystal violet. After drying for 45 min in a 60 °C incubator, biofilm stained by crystal violet 121 was dissolved in 2 mL of 95% ethanol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, The exopolysaccharides in V. parahaemolyticus biofilm were extracted using sonication 129 method with some modification as described previously [34, 35] . Biofilm cells on the wells The biomass changes of biofilm obtained using crystal violet staining under cold shock 192 conditions is illustrated in Fig 1. Overall, regardless of the exposure to the cold shock, biofilm 193 biomass increased with incubation time (Fig 1) . At 4 °C, 10 °C and 37 °C, the starting 194 OD 570nm of biofilm was 0.399 (pre-formed at 37 °C for 24h) and the OD 570nm continually 195 increased of which 37 °C is significantly higher than 4 °C and 10 °C. To evaluate the effects of cold shock on EPS production, we analyzed the total 202 exopolysaccharides and proteins in EPS of the pre-formed biofilm treated from 12 h to 60 h. 203 As shown in Fig 2, the exopolysaccharides contents increased, and no remarkable difference 204 of exopolysaccharides contents between 4 °C and 10 °C. We also observed that a higher (p < 205 0.05) exopolysaccharides production at 37 °C for 24 h and 36 h culture in comparison with 206 that at low temperature shock. However, when treated for 48h, exopolysaccharides contents in 207 EPS exposed to cold shock were higher than that at 37 °C. The results demonstrated that cold the genes expression of flagella (pilA), QS (aphA, opaR) and virulence (trh) at 37 °C are 245 significantly higher. Additionally, genes involved in T3SS genes (particularly vcrD1, vopD1 246 and vcrD2β) downregulated more obvious at 37 °C. 247 The results showed that, although V. parahaemolyticus biofilm grow better at constant 248 37 °C, the biofilm cells have adapted to the low temperature shift. This is consistent with the 249 findings of biofilm biomass changes and EPS changes. The CLSM images of pre-formed V. parahaemolyticus biofilm are presented in Fig 4 A and   260 shows that V. parahaemolyticus is able to form complex three-dimensional structures.
261
Compared with pre-formed biofilm (Fig 4A) , the biofilm thickness at three conditions (4 °C, 262 10 °C and 37 °C) have actually increased. Fig 4B shows and changed slightly when exposed to cold shock at 10 °C, while the changes at 4 °C and 37 278°C were significant. Average diffusion distances (ADD) have been suggested as a 279 measurement of the distance over which nutrients and other substrate components diffused 280 from the voids to the bacteria within micro-colonies [43, 44] . The initial ADD value of 281 pre-formed biofilm in this study was 1.04 and the ADD of biofilm at the low temperatures (4 282 and 10 °C) were higher than that at 37 °C. Biofilm roughness (BR) is a good measure for the variability in biofilm thickness [45] 289 and the BR value of pre-formed biofilm in this study was 0.64. The BR value significantly 290 increased after cold shock (4 °C), (Fig 5D) while the BR value at 37 °C showed no significant The correlations among biofilm structure parameters are listed in Table 2 . Analysis of the 6 305 biofilm structure parameters of V. parahaemolyticus at 4, 10 and 37 o C showed a positive 306 correlation between biofilm thickness (BR) and porosity (P). The spatial sizes of the biofilm 307 (MT) and biofilm thickness (BR) were negatively correlated as well as spatial size of the 308 biofilm (MT) and porosity (P). Compared with 10 °C, those trends are more obvious at 4 °C.
309 Table 3 displays the correlation between biofilm formation related genes and biofilm 314 structural parameters at 4, 10 and 37 °C. There were appreciable correlations between pilA 315 and H; vopP2β and MT, BR at the 0.05 level (2-tailed); vcrD1 and MT, BR, P; vscC2β and 316 ADD. In conclusion, after cold shock, the flagella and T3SS genes have significant 317 correlation with biofilm structure in V. parahaemolyticus.
318 of the molecular machinery also contributes to biofilm structure. As it shown in Table 3 In T3SS mutants, the adherence to surfaces during biofilm formation was impaired and 359 the expression of proteins involved in metabolic processes, energy generation, EPS 360 production and bacterial motility as well as outer membrane proteins were also impacted [55] . 361 The change of EPS production after cold shock may be linked to the regulation of T3SS genes 362 and Jennings et al. [56] reported that the T3SS encoded by Salmonella Pathogenicity Island 1 363 (SPI1) mediates biofilm-like cell aggregation. Therefore, the flagellum encoding gene and the 364 T3SS gene are known to be involved in regulating biofilm formation at low temperature and 365 these mechanisms helps V. parahaemolyticus adapt the adverse environment. 366 The cold chain is a primary factor in the preservation and transportation of perishable 367 foods and ensures that consumers can enjoy safe and good quality foods. However, previous 368 studies showed that the efficiency of the cold chain was often less than ideal [57] . In this 20 369 study, we demonstrated that cold shock induced the expression of genes involved in biofilm 370 formation and increased biofilm biomass continuously, causing that the biofilm cells had the 371 ability to adapt to the low temperature shift. It is interesting to investigate how biofilm cells to 372 sense the cold shock signal and regulate the gene expression in further research. From the 373 grow trends of V. parahaemolyticus biofilm biomass, polysaccharide and protein content, the 374 expression of biofilm-related genes, it is possible that the biofilm begins to dissolute after 60h 375 for the limitation of environmental resource which also need a further research. We In summary, we demonstrate that cold shock (4 °C and 10 °C) induces changes of gene 384 expression related with biofilm formation and biofilm structure, reliance on cold shock for 385 reducing risk of foodborne infections should take this information into account. 21 386
